Highlights d X-cells group in two highly divergent clades, the Xcellidae, sister to Perkinsus . Here, we sequenced rRNA genes from European and Japanese fish that are known to develop X-cell xenomas. We also generated a metagenomic sequence library from X-cell xenomas of blue whiting and Atlantic cod and assembled 63 X-cell protein-coding genes for a eukaryote-wide phylogenomic analysis. We show that X-cells group in two highly divergent clades, robustly sister to the bivalve parasite Perkinsus. We formally describe these as Gadixcellia and Xcellia and provide a phylogenetic context to catalyze future research. We also screened Atlantic cod populations for xenomas and residual pathologies and show that X-cell infections are more prevalent and widespread than previously known.
oceanic bathypelagic zone (2,007 m in depth) in the Gulf of California [22] . Now that they are phylogenetically characterized, diagnostics may be developed to confirm that fish pathologies observed in many species around the world are caused by X-cells.
X-Cells in North Atlantic Gadoids
Sequence data for the shorter branched lineage, to which we give the name Gadixcellia nov. gen. (taxonomic treatment is given in the Supplemental Information), are, so far, restricted to members of the cod family in the Northern Atlantic (cod and 
Phylogenomic Analysis of Gadixcellia
A global eukaryote tree based on 63 proteins and from 74 taxa is shown (Bayesian analysis with PhyloBayes). Gadixcellia spp. (green box) are robustly grouped with Perkinsus (Perkinsea) (gray box) within the Dinozoa. Black dots indicate maximal support for both posterior probabilities (1.0) and maximum-likelihood bootstraps (100%) at the respective nodes. On nodes with lower support values, they are indicated in the following order: PhyloBayes/RAxML. Total number of amino-acid positions present in the alignment for each species is indicated after the species name in parentheses. See also Figure S1 and Table S1 . blue whiting). The cod-derived lineage (G. gadi nov. sp.) causes pseudobranchial xenomas that sometimes extend into the gill or operculum (Figures 2A-2C ). Pseudobranchial xenomas caused by G. gadi were found in 2%-3% of Atlantic cod ranging from 30 to 75 cm (n = 300), caught in one day's research expedition north of Iceland, compared to only 0.03% in cod ranging from 60 to 120 cm (n = 3,200) caught off West Iceland. During the Norwegian cruise from Kirkenes to Tromsø, there were 566 Atlantic cod caught, of which four were visibly infected with X-cells (0.71%). Evidence of historical/recovered G. gadi infections, characterized by abnormally shaped and nodular pseudobranchs ( Figures 3D and 3E ), was seen in numerous cod individuals, ranging from 4.5% in younger (30-75 cm) fish from the north of Iceland to 6% in larger ones (60-120 cm) caught west of Iceland.
Blue whiting were trawled from six locations off the west coast of Iceland (n = 212). Four of 70 fish from only one of these locations had pseudobranchial xenomas. From Norway, blue whiting were caught at 6 of 22 trawling locations during a research expedition from Kirkenes to Tromsø. Only eight blue whiting were caught in total during the cruise. At one of the locations (71.295 0 N, 26.323 00 W) three blue whiting were caught, two of which had pseudobranchial xenomas. Two distinct Gadixcellia genotypes were found in blue whiting from Iceland, one of which, type I, was 98% similar, with respect to SSU rDNA, to G. gadi from Atlantic cod, whereas type II, possibly a different species, was only 91.2% similar ( Figure S2B ; Table S2 ). The Norwegian blue whiting pseudobranchial xenoma used in the phylogenomic study was type I.
X-Cells from Flatfish, Eelpout, Icefish, and Gobies Members of the very long-branched clade of X-cells (Xcellia nov. gen.; taxonomic treatment is given in the Supplemental Information) cause either X-cell masses to form between the secondary gill lamellae, which can lead to gill fusion and loss of function, or epidermal xenomas, often on the fins and operculum ( Figure S2 ). The former pathology is seen in eelpout, common dab, and icefish. Of the six species of eelpout, Lycodes spp. (Zoarcidae), sampled (total number, 220; 4-85 fish per species) north of Iceland, only one species, L. seminudus (4 out of 20 individuals in- fected), had visible X-cell gill masses/ lesions. Three of these fish were trawled from a single location. The other five species of Lycodes did not have noticeable X-cell infections. The eelpout X-cell SSU sequences were almost identical (>99.5%) to other gill lesion X-cells from common dab, Limanda limanda, and Antarctic cod icefishes, Trematomus spp., and are assigned to the new species Xcellia lamelliphila nov. sp. (Supplemental Information).
A second Xcellia clade, sister to the eelpout-dab-icefish X-cells but with only 86%-89% SSU sequence similarity to them ( Figure S1B ; Table S2 ), was represented by parasites causing epidermal xenomas in the flathead flounder (Hippoglossoides dubius), the northern black flounder (Pseudopleuronectes obscurus), and the Japanese goby (Acanthogobius flavimanus), all sampled from Japan, for which we create the two new species X. pleuronecti nov. sp. and X. gobii nov. sp. (taxonomic treatment is given in the Supplemental Information).
X-Cell Morphology, Histopathology, and Ultrastructure Histological examination and scanning electron microscopy showed parasite cells in very high numbers in the xenomas (Figures 3A and 3B ). Normal gadoid pseudobranchial tissue has a continuous lamellar appearance ( Figure 3C ), but when infected or in recovery, the lamellar organization breaks down and is separated by fibrotic tissue ( Figure 3D ). Some visibly deformed and nodular pseudobranchs showed indications of previous X-cell infection and a subsequent recovery process ( Figure 3D ). Occasionally, degenerate X-cells were observed within these areas, among fibrotic tissue and recovering pseudobrancial tissues (data not shown). Xcellia cells in epidermal xenomas were limited to the epidermal layer of the skin and did not penetrate into the dermal layer or musculature. However, Xcellia xenomas often extended to the edge of the fins, where they appeared as saclike structures and where masses of X-cells were found in compartments surrounded by connective tissue [15] . Remarkably, no additional developmental stages (flagellated stages, spores/environmental stages) were seen in any X-cell preparations.
Transmission electron microscopy revealed numerous similarities in X-cells from all hosts. All X-cells had a relatively large nucleus with fine granular chromatin and a prominent electrondense nucleolus (Figure 4 ). X-cells were often tightly packed together, suggesting recent division ( Figure 4B) ; however, actively dividing cells were not encountered, and there was an absence of centriole formation, suggesting that division is amitotic. The cytoplasm contained numerous large mitochondria, usually with limited inner membrane folding, but cristae were tubular or ampulliform ( Figure 4 ; Figure S3A ). Other cytoplasmic organelles/vesicles were present, often in large numbers, which were sometimes associated with the plasma membrane and had the appearance of pseudopodia-like appendages ( Figure 4 ; Figure S3C ). Cortical alveolae were sometimes seen ( Figure 4A ) but were not always a prominent feature, perhaps reduced or secondarily lost in some lineages. Multinucleate plasmodial X-cells (Gadixcellia) were only found in Atlantic cod xenomas ( Figure 4C ) and not in other fish species (unconfirmed in blue whiting).
DISCUSSION
Members of the new family Xcellidae share a range of phenotypic characteristics, such as the formation of xenomas in fish and some remarkable similarities in cell morphology and content in histological sections. However, the genetic variation between the genera Gadixcellia and Xcellia is unusually high, with similarity in the SSU rDNA as low as 74.9% (Table S2 ). The even greater genetic distances between X-cells and other protist taxa have made this unusual group of fish parasites hard to definitively place in previous, more limited, phylogenetic studies. In the present study, the phylogenetic position of X-cells is resolved for the first time using a phylogenomic approach, as a long-branched sister lineage to Perkinsus. The perkinsids comprise a large diversity of SSU sequence types, many of which are detectable in environmental samples [23, 24] . However, even in a recent large-scale, perkinsid-focused coastal marine habitat sequencing survey of the V4 SSU gene region, X-cell sequences were not detected [24] , possibly because their divergent SSU genes are not amplified with ''general'' eukaryotic primers, although V9 primers [21] should amplify them. An alternative/additional reason why X-cell sequences do not occur in environmental sequence datasets could be that X-cells are tightly host associated and/or transmitted directly from fish to fish or via sediment reservoirs [15, 25] . Therefore, knowledge of X-cells is currently limited to direct sampling of individual fish, infection rates in which are generally low but apparently very patchy in spatial occurrence. This patchy distribution of X-cell-infected fish-reported here for blue whiting and eelpout and previously reported for common dab in the Atlantic [26] and for numerous flatfish from Hokkaido, Japan [27] -again supports the theory that transmission to fish may be dependent upon certain conditions, e.g., substrate types. There are parallels here with other highly divergent parasites; in particular, the recently described Paramikrocytos [28] , which, despite being locally extremely prevalent, causing intense infections in crabs, was not detectable in the surrounding water using either highly specific or broadly targeted PCR primers.
Some perkinsid lineages are known to be parasitic: Perkinsus spp. in bivalve mollusks (e.g., X75762; Figure S1B ), Parvilucifera in dinoflagellates (KF395485), a pathogen of the southern leopard frog Rana sphenocephala (EF675616) [29] , and Rastrimonas [30] (no SSU data were available). The lifestyles of the many other lineages, so far detected only in environmental sequencing studies, are unknown, although they are suspected to be parasitic. For example, SSU types closely related to an abundant diversity of environmental lineages and the R. sphenocephala pathogen were recently also detected in frog liver tissue [31] . Resolving the phylogenetic position of X-cells shows that the two now-known perkinsid parasites of vertebrates are not specifically related to each other, X-cells being more closely related to parasites of bivalves than to the frog parasite. It is likely that other-perhaps most-perkinsid lineages will be shown to have at least a symbiotic stage in their life cycles, collectively with a potentially very wide host range including other vertebrates. X-cells do not show any particular morphological similarities with perkinsids, which have flagellate stages, release hypnospores on killing the host bivalve, and exhibit local cell clusters rather than the cell masses seen in X-cells. Even when mature X-cell xenomas are observed detached from the fish, no further developmental stages are seen (data not shown). The massive X-cell nucleolus is actually more similar to those seen in apicomplexan macrogamonts, e.g., Pseudoklossia/Margolisiella spp. infecting mollusks [32, 33] .
We suggest that infection by X-cells occurs via contact of fish with the benthos. All known X-cell infections involve fish species with at least one benthic stage in their life cycle. Wild cod are initially pelagic but become benthic when 5-8 cm long [34, 35] . According to Eydal et al. [36] , the first signs of macroscopically visible pseudobranchial xenomas occur in fish at 6 months of age (then, 6.5-13 cm long), with a subsequent increase in prevalence, reaching a peak of 25% at age 22 months. Furthermore, Eydal et al. [36] compared 4-month-old cod (at that time, 3.5-7.5 cm and, therefore, with limited benthic contact) placed into tanks with those straight from a hatchery. None of the latter showed X-cell infection, but a low proportion of the former were infected before entering the tanks and subsequently died. No fish taken straight from the hatchery to an equivalent tank were infected. Fish from both tanks were then placed into cages suspended above the benthos, and none succumbed. Therefore, only fish exposed, even transiently, to the benthos became infected. However, most details of the X-cell life cycle remain unknown. A planktonic stage seems unlikely, given that no environmental sequence surveys, including limited screens with X-cell-specific primers, have amplified X-cells, except the single sequence from the Gulf of California. This is consistent with the lack of observation of flagellate or spore-like stages in histological/cytological studies. It is also noteworthy that, with few exceptions, all of the infected, wild-caught juveniles died during rearing in land-based tanks [36] . Samples usually examined for X-cell infection comprise adult fish, in which infection levels are generally low (though locally high) or show moderate (6%) levels of residual pathology. Considering the apparent decrease in visible pseudobranchial xenomas with age of Atlantic cod, it is possible that X-cells cause far more significant juvenile mortality of at least some fish species than is currently realized.
X-cell parasites taken from epidermal xenomas from different flatfish species in northern Japan have the same SSU rDNA sequences as each other [15] but are different from those causing epidermal xenomas in the Japanese goby from similar geographical locations [17] . This indicates that fish X-cells are not host species specific but may be restricted to certain fish families, such as Pleuronectidae and Gobidae. However, SSU rDNA sequences from X-cell lesions from the gills of the common dab in Europe are genetically distinct from those of the epidermal X-cell parasites of other flatfish species [14] , implying that tissue tropism is also an important factor [15] . Interestingly, X-cells causing very similar gill pathology in the Antarctic cod icefish from the family Nototheniidae have been shown to have almost identical SSU sequences to those from X-cell gill lesions in the common dab, suggesting that this particular X-cell parasite has a wide distribution and can infect a range of fish species from different family groups [18] .
X-cells are known, with DNA confirmation, from the northern Atlantic, Pacific, and Southern (or Antarctic) Oceans. However, their actual distribution is clearly limited by sampling effort, compounded by the difficulty of detecting these parasites independently of infected hosts. Many remain uncharacterized; for example, X-cell-like pathologies have been described in Siluriformes (catfish), Salmoniformes (salmonids), and numerous other Perciformes but have not yet been sequenced. They are also more prevalent than direct observations suggest: the data from juveniles and residual pathology results from adult cod are strongly suggestive of a higher disease incidence earlier in the fishes' life cycle, and our hypothesis that X-cells cause significant undetected mortalities in juvenile/young fish should be tested. Identifying reliable environmental reservoirs for X-cells (for example, alternate hosts, sediment bands in gyre systems) would elucidate X-cell life cycles and greatly facilitate research into the impact and etiology of this new taxon of neglected fish pathogens. 
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mark A. Shortly after catching and grading, the fish were frozen aboard the research vessels. After the survey, fish were brought to the laboratory and kept frozen until examined macroscopically for the presence of X-cell gill lesions. Samples from gill xenomas, taken for molecular analysis, were frozen in À80 C until further processed. All fish used in this study had their internal organs and gonads examined (when possible), there was no relationship to X-cell xenoma presence and the sex of the fish.
METHOD DETAILS
Sequence generation Genomic DNA (gDNA) for the whole genome sequencing was extracted from frozen xenomas using DNeasy Blood & Tissue Kit (QIAGEN), Animal Tissue Spin-Column Protocol, following the manufacturer's recommendations with a minor modification; for enhanced lysis the sample was mechanically disrupted using sterile tungsten carbide beads for 3 min at 20 Hz/s, and left for lysis at 56 C overnight. The gDNA was subjected to RNase treatment before it was purified using standard isopropanol precipitation. Samples were submitted for sequencing at the Norwegian Sequencing Centre, where the Illumina library was constructed using the Regular TruSeq DNA HT Sample Prep Kit (Illumina, US), before the sample was sequenced on one lane (100 base pair paired end, library size 500 bp) on an Illumina HiSeq2000 platform.
Fresh xenoma tissue or recently thawed material was either fixed in 95% ethanol or placed directly into tissue lysis buffer. DNA was extracted using a GeneMATRIX DNA extraction kit (EURx Poland) following the tissue protocol and used as template for PCRs. Additional X-cell DNA used in this study, was from gill lesions in common dab, and epidermal xenomas in northern black flounder from Japan, which were obtained during previous studies [14, 15] . PCRs targeting SSU and LSU rDNA used primer combinations given in Table S3 with cycling conditions detailed in the original descriptions [47] [48] [49] .
Data analysis
Apicoplast genes A blast search of all published apicoplast sequences extracted from GenBank against the metagenome from the blue whiting xenoma did not result in any significant hits. This however does not prove absence of a relic apicoplast/plastid in Gadixcellia sp., as the metagenomic coverage is partial and the assembly is incomplete. Further work is required to determine whether such genes occur in X-cells, preferably based on a significantly refined genome assembly or transcriptomic data. 
